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Abstract 
Double-insulating thin film type electroluminescent (EL) devices based on Pr0.002(Ca0.6Sr0.4)0.997TiO3 (PCSTO) and 
developed by Takashima et al. [Adv. Mater. 2009; 21; 3699-3702] emits pure red light with the wavelength O = 610 
nm under application of remarkably small voltage less than 10 Vrms.  Since PCSTO is a perovskite-type oxide being 
chemically and thermally stable, the discovered small-voltage EL phenomenon may open a new application field of 
inorganic EL devices.  Clarification of the EL mechanism will provide guidelines for improving the EL efficiency, 
which is a key of commercialization.  As the first step on this way, PCSTO films sandwiched directly by electrodes 
have been prepared and their nonlinear electrical properties have been analyzed.  In addition, EL from these metal-
insulator-metal type devices has been detected and a preliminary discussion about it has been made. 
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1. Introduction 
Reports on intense photoluminescence from doped perovskite-type oxides [1-5] have triggered a new 
tide of research [6-8] toward realizing highly efficient and oxygen/water-resistant electroluminescent (EL) 
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devices based on them.  One of the most impressive consequences of this tide is the discovery of an EL 
phenomenon taking place at markedly low voltages (< 10 Vrms) [7].  In that case a phosphor layer 
consisting of Pr0.002(Ca0.6Sr0.4)0.997TiO3 (PCSTO) was sandwiched by insulator layers (“double insulating” 
structure) and this functional unit was again sandwiched by electrodes.  Strong and nicely sharp 
photoemission with the wavelength O = 610 nm was detected and assigned to the transition of Pr3+ ions 
from the 1D2 state to the 3H4 state.  Amazingly, the electric field of the phosphor layer at the EL starting 
point was evaluated at 9.0u104 V cm–1, which is one order of magnitude smaller than that of other EL 
devices based on rare-earth activated phosphor materials [9, 10].  
On the way of enhancing the efficiency of this fascinating EL device up to the commercially 
competitive level, elucidation of the light-emitting mechanism of the exotic small-field EL phenomenon 
will be crucial.  In this context we are examining the electrical and EL properties of PCSTO testing 
devices prepared without insulating layers, i.e., those of the metal-insulator-metal (MIM) type.  As the 
first step along this line, we have characterized their linear and nonlinear electrical properties, which 
appear under a small and large electric field, respectively.  We believe this work provides a basis for 
understanding the EL mechanism of the PCSTO device.  In addition, the small-field EL is observed with 
this MIM structure, too, and a preliminary discussion about it has been made. 
2. Experimental 
2.1. Sample preparation 
PCSTO epitaxial films [6, 7] were prepared by the conventional pulsed-laser deposition method (PLD) 
on 1 mol% Nb-doped SrTiO3 crystalline (100) substrates from Furuchi Chem. Co., which exhibit good 
electrical conductivity of 50 S cm–1 and work as base electrodes in the electrical measurements.  During 
film growth, the substrates were kept at 700 qC and the oxygen partial pressure was controlled at 100 Pa. 
An ArF excimer laser (O = 193 nm) with a repetition rate of 4–8 Hz and a fluency of 1.2 J cm–2 per pulse 
at the target surface was used.  The PCSTO stoichiometric polycrystalline target used was prepared by the 
conventional solid-state reaction method.  The thickness of the PCSTO film was varied from 500 to 2000 
nm.  The SnO2:Sb transparent electrodes were successively deposited onto the PCSTO films also by the 
PLD method.  The lateral dimensions of the prepared devices were 0.5cm u 0.2cm.  All the measurements 
on the prepared devices were performed after the post-annealing carried out at 1000 °C in air for 2 h. 
2.2. Small-field properties 
To observe the linear electrical response of the samples, experiments under a small field were 
performed.  In these experiments sinusoidal voltage with the peak-to-peak amplitude less than 0.2 V 
generated by a WF1973 functional generator (NF Corp.) was directly applied to the top electrode of a 
sample, whose base electrode was virtually grounded through a C7319 current-voltage converter 
(Hamamatsu Photonics Co. Lmt.), whose bandwidth was set to 2.0u105 and 2.0u104 Hz in high- and low-
frequency measurements, respectively.  Namely, the “voltage” in this paper means the potential of the top 
electrode of the sample.  The voltage applied to the sample and the current through the sample were 
recorded by a PicoScope 4424 digital oscilloscope (Pico Technology) synchronized with the trigger signal 
from the functional generator. 
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2.3. Large-field properties 
EL of the present material occurs under a larger field.  Under such a field linear response is not 
expected for the sample devices, and as a consequence sinusoidal waves are no longer useful.  Thus 
trapezoidal waves generated by the signal generator and amplified by a PBX 40-2.5 bipolar power 
amplifier (Kikusui Electronics Corp.) were applied to the sample.  In this case the sample current was 
detected by a reference resistance (1 or 10 :) and amplified by cascaded OP37GPZ operational 
amplifiers (20dB gain/unit).  The EL intensity was simultaneously measured by an H7422-40 
photomultiplier tube (Hamamatsu Photonics Co. Lmt.) operated with the control voltage of 0.8 V.  The 
current from the tube was converted to voltage by the C7319 converter. 
  
Fig. 1.  (Left-hand side) Frequency dependence of the impedance observed for the 1000 nm thick sample.  Real and imaginary parts 
are represented by z and z.  Curves are the best-fit results (See text).  
Fig. 2. (Right-hand side) (a) Waveform of the voltage V applied to the samples for investigating their large field properties.  (b) 
Time variation of the current I observed for the 1000 nm thick sample with various Vmax/T' conditions.  (c) That of the intensity of 
the electroluminescence L. 
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3. Results and Discussion 
3.1. Small-field properties 
The electrical impedance Z of the PCSTO films under a small field, i.e., those in the linear response 
region, has been measured from 0.1 Hz to 20 kHz.  In Fig.1 the real and imaginary parts of Z observed for 
a 1000 nm thick sample are displayed by red and blue circles.  Over the whole frequency range the 
sample behaves like a leaky capacitor.  However, a parallel circuit of a resistor R and capacitor C 
(abbreviated as R//C), which is equivalent to a usual leaky capacitor, has a specific frequency of (2SRC)–1 
and behaves like an ideal capacitor or resistor at a frequency well above or below it, respectively.  On the 
contrary, the present sample shows no such specific frequency. 
Then we have tried to simulate the sample by more complex equivalent circuits, i.e., several Rm//Cm 
units connected in series (m = 1, 2 ...).  The least squares method has been adopted to obtain the Rm and 
Cm values.  Though Z is a complex value, the procedure of the least squares method is the same as in the 
real-value case.  As for the small-field experiments, the sinusoidal function can be well fitted to the 
observed sample current.  Hence the impedance of the sample at a frequency fn, Zn, is easily estimated.  In 
the present experiments, however, the frequency becomes the smaller, the smaller becomes the current 
and the larger becomes the uncertainty.  The difference in the uncertainty, which is really huge, is taken 
into account by weighting Zn by Vn–1, where Vn is the uncertainty of Zn and calculated from the 
uncertainties of the magnitude and phase of the sinusoidal function fitted to the sample current.  Writing 
the impedance of the equivalent circuit at frequency f as Z(Rm, Cm; f), the least squares method can be 
executed by minimizing the following quantity 
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We thought that the sample can be described at most three Rm//Cm units; one representing the 
electrode/PCSTO interface, one corresponding to inside the PCSTO film, and one due to the instruments.  
But it has been turned out that more than three Rm//Cm units are necessary to reproduce the experimental 
data, e.g., curves in Fig. 1 are the simulation results with R1 = 5.2 G:, C1 = 0.9 nF, R2 = 20 M:, C2 = 4.4 
nF, R3 = 1.3 M:, C3 = 5.0 nF, R4 = 51 k:, C4 = 12 nF, R5 = 8.5 k:, C5 = 5.7 nF, R6 = 1.7 k:, and C6 
(fixed) = 0 F.  This indicates that the carrier transport inside the PCSTO film is not determined by a single 
characteristic time.  A hopping conduction with widely distributed hopping time is a model being able to 
explain the observed phenomenon.  Similar results have been obtained to the samples with different 
PCSTO thickness. 
3.2. Large-field properties 
Figure 2 (a) displays the trapezoidal waveform of the voltage V applied to the devices to observe their 
electrical properties under a large field.  The repetition period of the voltage waveform T is divided into 
nine domains: V=0 in the first domain with 0.09T (= T'), dV/dt = Vmax/T' in the second, V= Vmax in the 
third, and so on.  In this experiment Vmax is set to 20 V and T is varied so that Vmax/T' becomes 0.5, 1, 2, 5, 
10, and 20 u 103 V s–1.  Approximately 8000 data are collected for 0 d t d 10T' (= 0.9T) and 1000 cycles 
are averaged.    The sample current I and EL intensity L recorded for the 1000 nm thick sample are shown 
in Fig. 2 (b) and (c), respectively. Here, it should be emphasized that also with this MIM structure device 
EL is observed even at V ~ –6 V, a quite small voltage. 
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Fig. 3.  (Left-hand side) I in Fig. 2 is re-plotted versus V.  
Fig. 4. (Right-hand side) (a) dI/dV obtained from the data displayed in Fig. 2 are plotted as a function of V. (Only for V dV/dt > 0 
cases.)  Curves are vertically shifted for presentation.  Inset: the dI/dV peak heights are plotted as a function of |dV/dt|.  Open and 
filled circles correspond to the peaks in the negative V region and those in the positive V region, respectively.  (b)  Expansion of the 
small V area of (a).  (c) Comparison of dI/dV obtained for different PCSTO thickness.  Here, |dV/dt| = 104 V s–1.  
 
Nearly symmetric profiles of I are noted at least in the smaller Vmax/T' cases.  In other words, 
rectification is hardly observed.  This is natural because the both electrodes sandwiching the PCSTO film 
are made of highly doped n-type conductors and therefore the rectifying properties of the two 
electrode/phosphor interfaces cannot largely differ from each other. 
To distinguish the conductive and capacitive properties from each other, dI/dV (smoothed) in the V > 0 
and dV/dt >0 region and that in the V < 0 and dV/dt <0 region are plotted as a function of V in Fig. 4 (a).  
Since I at given V and dV/dt may be written as 
 dt
dV
dt
dV
dt
dV VCVVGI ),(),(  .  
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and since |dV/dt| = Vmax/T' (= constant) in this experiment,  
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is obtained for the dV/dt >0 region and for the dV/dt <0 region  
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In the present case all the terms in the right-hand side of eqs. (1) and (2) are expected to be positive. 
In the V < –6 V and V > 9 V regions dI/dV apparently depends on Vmax/T'.  It is difficult to discriminate 
the third term from the others in the right-hand side of eqs. (1) and (2) rigorously, but we can assume 
G(V,dV/dt) to be an even function of dV/dt in a skeleton discussion.  Hence we can conclude that the main 
cause of the dependence of dI/dV on Vmax/T' is the third term based on the fact that I at V = –10 V largely 
depend on dV/dt.  It is remarked, however, that the contribution of the first and second terms to the total 
dI/dV is also considerable, as demonstrated by the small Vmax/T' cases. 
In the –6 V < V < –2 V and 5V < V < 9 V regions, contrastingly, the dependence of dI/dV on Vmax/T' is 
insignificant.  In other words, the first and second terms are dominant in the right-hand side of eqs. (1) 
and (2).  This behavior of G(V,dV/dt) seems to continue on the larger |V| regions. 
3.3. Intermediate-field properties 
For the larger Vmax/T' cases, in Fig. 3 stepwise increases in |I| are notable around –1 V (when dV/dt < 0) 
and V = 2 V (dV/dt >0).  These anomalies are manifested as peaks of dI/dV in Fig. 4 (a).  To visualize the 
peaks in the small Vmax/T' cases an expansion of this viewgraph is given as Fig. 4 (b).  According to eqs. 
(1) and (2) it is evident that these anomalies reflect abrupt increases in the capacitance of the sample 
because the dI/dV peak heights are proportional to Vmax/T' (Fig. 4 (a), inset).  (At the same time, however, 
the observed shifts of the peaks imply that C(V,dV/dt) depends not only on V, but also on dV/dt to a 
certain extent.) 
Surprisingly, reduction of the transition voltages is not observed on reducing the PCSTO film 
thickness from 1000 nm to 500 nm.  In Fig. 4 (b) slight shifts of the dI/dV peaks are noted, but the width 
between the peaks exhibits no significant change.  (This is the case even for the 2000 nm thick sample, 
though it shows a large leak current for |V| > 0.2 V, maybe due to some inessential macroscopic defects.)  
This fact suggests that the capacitance changes take place at the interface regions. 
 
 
 
 
Fig. 5.  Model proposed for the nonlinear electrical properties of the present device. 
 
Comparing the dI/dV peaks in the negative and positive V regions, the latter is approximately three 
times wider than the former.  This difference in the transition width suggests that the phenomena 
corresponds to those peaks occur in different places, and then supports the aforementioned hypothesis. 
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On the contrary, variation of the first and second terms in eqs. (1) and (2) starts at smaller |V| in the 
500 nm case in comparison with the 1000 nm case, implying that this behavior of G is caused by a 
phenomenon occurring inside the PCSTO film.  Considering that a hopping transport is suggested for the 
inside of the PCSTO film under a small field, we speculate that this behavior of G is caused by the Pool-
Frankel mechanism, which describes the behavior of trapped carriers under a large field. 
Summarizing the discussion described in §§3.1-3.3, we would like to propose a model of the nonlinear 
electrical properties of the PCSTO EL device as shown in Fig. 5.  This model will be the starting point 
when the EL mechanism of the present device will be investigated in detail. 
3.4. Electroluminescence 
Before ending the discussion, brief comments should be made on the EL properties of the present 
device, although elucidating its mechanism is beyond the scope of this paper. 
While I is symmetric for positive and negative V, L observed for the latter is much larger than that for 
the former, as apparently seen in Fig. 2 (c).  Numbers of the carriers running inside the PCSTO film may 
not largely depend on the polarity of the applied field, neither is energy carried by them.  Therefore we 
speculate that photons are generated at either one of the PCSTO/electrode interface region.  Difference 
between the nature of the PCSTO/STO:Nb interface region and that of the PCSTO/SnO2:Sb interface 
region that causes the difference in the dI/dV peak width (Fig. 4 (a)) may affect the EL efficiency, too. 
The voltage range in which EL occurs does not correspond neither to the one in which dI/dV peaks 
appear, nor to the one in which G starts to grow (Fig. 4 (a)).  Rather, the magnitude of L seems to be 
correlated with the capacitive current that grows in the V < –6 V region. 
4. Concluding Remarks 
In this work we have analyzed the linear (small-field) and nonlinear (large-field) electrical properties 
of the PCSTO MIM-type EL devices.  A model of the nonlinear properties has been proposed in order to 
provide a basis for future works elucidating the EL mechanism. 
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